We perform a systematic investigation of the electronic properties of the 2 Σ + ground state of Lialkaline-earth dimers. These molecules are proposed as possible candidates for quantum simulation of lattice-spin models. We apply powerful quantum chemistry coupled-cluster method and large basis sets to calculate potential energies and permanent dipole moments for the LiBe, LiMg, LiCa, LiSr, and LiYb molecules. Agreement of calculated molecular constants with existing experimental data is better than or equal to 8%. Our results reveal a surprising irregularity in the dissociation energy and bond length with an increase in the reduced mass of the molecule. At the same time the permanent dipole moment at the equilibrium separation has the smallest value between 0.01 a.u. and 0.1 a.u. for the heaviest (LiSr and LiYb) molecules and increases to 1.4 a.u. for the lightest (LiBe), where 1 a.u. is one atomic unit of dipole moment. We consider our study of the 2 Σ + molecules a first step towards a comprehensive analysis of their interactions in an optical trap.
I. INTRODUCTION
There is growing interest in molecules formed by one alkali-metal atom and one alkaline-earth or rare-earth atom [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In contrast to group I or group II diatomic molecules, these molecules have an unpaired electron that allows for manipulation of the X 2 Σ + groundstate molecule with both electric and magnetic external fields. Moreover, it has been suggested that 2 Σ + molecules are good candidates in which to explore controlled chemical reactions at ultracold temperatures [12] . The unpaired spin in the ground state of these molecules should provide a new handle for the control of the reaction dynamics based on the interplay between intramolecular spin-rotation couplings. In addition, when placed in an optical lattice, these polar molecules can interact with each other via both electric dipole-dipole and magnetic spin-spin forces. It is therefore possible to engineer unusual forms of interactions for quantum simulation of lattice-spin models and topological quantum computing [1] , controlled preparation of many-body entangled states [4] , and high-precision measurements of fundamental constants [13] .
Another interest in Li-group II molecules stems from prospects to achieve optical Feshbach tuning of scattering properties in ultracold gases of the individual atoms with-out substantial loss of atoms from a trap. This photoassociative tuning, pioneered for homonuclear molecules [14] [15] [16] [17] [18] [19] [20] [21] , becomes possible due to the existence of long-lived excited molecular states near narrow intercombination lines of the alkaline-earth or rare-earth atoms. In turn, this might enable efficient ways to form gases of polar molecules without substantial loss by photoassociation. In essence, a two-photon optical Feshbach resonance can be used to couple two colliding atoms to a vibrational level of the molecular ground state. The suppressed effect of excited-state spontaneous decay makes efficient coherent molecular formation possible. Knowledge of the electronic and ro-vibrational properties of the molecules will help to find optimal pathways. Characteristics such as the permanent dipole moments of the ground state will determine the anisotropic interactions between these molecules in an optical trap.
Some key theoretical predictions of the electronic structure and dipole moment of the ground and low-lying excited states of LiYb [8, 9] and for the ground state of LiSr [6] have recently been obtained. Other work has studied RbYb [2] and RbSr [5] . However, the physical origin of the chemical bond of these mixed species is not yet fully understood. Continued theoretical advances are necessary to unravel the properties of these molecular systems. To the best of our knowledge, only the LiMg and LiCa ground states were experimentally investigated [11, 22, 23] , which allows us to compare our predictions with experimentally obtained molecular parameters [11, 23] . There are several experimental groups working to achieve the formation of the LiYb molecules at ultracold temperatures [7, 10] . An understanding and quantitative description of these molecules might help to arXiv:1108.3530v2 [quant-ph] 3 Oct 2011 define conditions under which these ultracold molecular systems can be created.
Our theoretical study is devoted to a systematic investigation of the X 2 Σ + ground state properties of the polar Li-alkaline-earth dimers such as LiBe, LiMg, LiCa, LiSr, and the rare-earth dimer LiYb. These are interesting and challenging systems as the valence electrons of the atoms form a relatively weak covalent bond [25] . The alkaline-earth atom has a closed outer electron shell and a Hartree-Fock interaction energy results in a purely repulsive potential curve. We use the unrestricted (U) or partially spin-restricted (R) coupled cluster (CC) method with either single and double excitations augmented with pertubatively calculated triples (CCSD(T)) or with single, double, and triple excitations (CCSDT) to treat the correlations of core and valence electrons. All approaches are used in conjunction with correlation-consistent basis sets. The dipole moment is calculated using a finite field approach with a four-point numerical differentiation formula. The calculations are performed with CFOUR [26] and MOLPRO [27] suites of programs.
Presumably, the CCSDT method is more accurate in the description of the potential energy surface than the CCSD(T) method, where triple excitations are treated perturbatively. The results of the unrestricted (U) method are more accurate than that of a restricted (R) calculation. The CC method is based on a singlereference configuration and is not suitable for molecules where multiple-configurations are relevant. A practical indicator of how well the CC method performs is based on T1 diagnostics [28] . Our calculation shows that T1 is small and varies from 0.015 to 0.035. This indicates that a single-reference method is valid for these dimers. In fact, a small T1 for all interatomic separations implies that the long-range interaction potentials as well as the dissociation energies can be accurately described.
Our results include the ground-state potential curve, bond distance, harmonic frequency, dissociation energy, and permanent dipole moment for LiBe, LiMg, LiCa, LiSr, and LiYb. For completeness, we calculate vibrational energies of the ground-state potentials. Due to limitations in computational resources we were not able to obtain results for all methods, basis sets, and Li-X diatoms. The most accurate potential energy curves and dipole moments are presented in the figures and tables with the exception of Tab. VI, which compares molecular constants obtained with the various methods and basis sets.
All potentials are corrected for basis set superposition errors (BSSE) using the counterpoise procedure of Boys and Bernardi [33] . The sign of the dipole moment depends on the position of the origin. We apply the following convention throughout the paper: The alkalineearth/rare-earth atom is positioned at the origin and the Li atom moves along the positive x-axis. A positive sign of the dipole moment corresponds to the charge transfer from the Li atom towards the alkaline-earth/rare-earth atom. , R e = 4.927a 0 , and ω e /(hc) = 300 cm −1 , which are close to those of Ref. [30] . However, the dipole moment d e = 1.33 a.u. of Ref. [25] differs significantly from that of Ref. [30] . The effect of inner-shell correlations on the molecular electronic structure was investigated. Later an ab initio configuration-interaction study was reported by Marino and Ermler [31] . Their value of the dissociation energy D e /(hc)=2014 cm −1 is smaller than that in previous studies. In summary, the previous theoretical calculations disagree on dissociation energy and dipole moment values but have much better agreement on the value of the bond length. Our goal is to test results of the previous predictions by performing a coupled cluster calculation accounting for high-order correlation effects.
In our calculation the UCCSD(T) method is used to obtain the ground state potential and dipole moment of LiBe as a function of interatomic separation R.
These characteristics are calculated with the large basis set (aug-cc-pV5Z-DK) of Prascher et al [35] , which includes scalar relativistic effects accounted for by the Douglass-Kroll Hamiltonian. Atomic basis sets include (15s8p5d4f3g2h) primitive Gaussian and [7s6p5d4f3g2h] constructed functions for Li and (15s9p5d4f3g2h)/[7s6p5d4f3g2h] for Be.
Results of our calculation are shown in Figure 1 . Comparing our data with results available from other theories and experiment we conclude that R e = 4.87a 0 is close to the experimental measurement of R e = 4.894a 0 [32] , while the well depth D e /(hc) = 2406.89 cm −1 is in best agreement with the prediction of [25] . In Ref. [32] no value of D e is given. The dipole moment value d e = 1.41 a.u. at the equilibrium separation is even larger than that of [25] . The permanent dipole moment averaged over the ground state vibrational wave function is equal to 1.37 a.u. It is slightly lower than the value of the dipole moment function at R = R e . The LiBe molecule has the largest dipole moment of the molecular systems considered in this work.
Bound states of 7 Li 9 Be are calculated using a discrete variable representation (DVR) [36] , and their binding energies are presented in Table I . The zero-point energy is found to be D 0 /(hc) = 2254.29 cm −1 .
B. LiMg molecule
To the best of our knowledge, there exist two experimental investigations of the LiMg ground state properties [22, 23] . The study in Ref. [23] provides molecular constants that we can use for comparison with our calculation. This work was based on resonant photo-ionization spectroscopy of LiMg in the gas phase and gives an accurate bond energy D 0 /(hc) = 1330 cm −1 , equilibrium separation R e = 5.9a 0 , and vibrational frequency ω e /(hc) = 190 cm −1 . A density functional study in Ref. [29] of LiMg gives D e /(hc) = 1371 cm −1 , R e = 6.04a 0 , and ω e /(hc) = 180 cm −1 . A MRCI approach with large contracted basis sets and multiple sets of polarization functions is used in Ref. [25] to give predictions for the LiMg ground state molecular constants D e /(hc) = 1611.28 cm −1 , R e = 5.88a 0 , and ω e /(hc) = 183 cm −1 . The value for D e significantly differs from both Ref. [29] and experiment.
Here we apply RCCSD(T) and UCCSD(T) methods with two different basis sets to calculate the potential and dipole moment of the LiMg ground state.
Augmented [35] are applied in the UCCSD(T) calculation. The calculation is optimized for scalar relativistic calculations of the all-electron DouglasKroll Hamiltonian. A comparison with the molecular constants measured in Ref. [23] shows that our D 0 and R e values are in good agreement with this experiment. Figure 2 shows the R-dependent potential and dipole moment.
In Table II we present a complete list of N = 0 bound states of the X 2 Σ + ground state potential of 7 Li 24 Mg obtained by a DVR calculation. The zero-point corrected energy is found to be D 0 /(hc)=1330.05 cm −1 in agreement with experimental measurement [23] . 
C. LiCa molecule
Currently, there is no reliable experimental data for the ground state potential of the LiCa molecule in the literature. However, preliminary experimental results on the electronic properties of the ground-state LiCa potential based on high resolution spectroscopy were presented at the EGAS conference in 2010 [11] . They gave the molecular constants D e /(hc) = 2607.8(100) cm −1 , R e = 6.3415(5)a 0 , and ω e /(hc) = 195.2 cm −1 for 7 Li 40 Ca. Earlier theoretical predictions for the LiCa ground state give a dissociation energy of D e /(hc) = 2177.7 cm −1 and R e = 6.65a 0 using density functional theory [29] . Later a configuration-interaction calculation involving an effective pseudo-potential [38] predicted D e /(hc) = 2355 cm −1 and R e = 6.23a 0 . An all-electron ab initio study of LiCa in Ref. [39] reported D e /(hc) = 1935.7 cm and R e = 6.44a 0 . Experimental two-photon ionization spectroscopy reported in the same work found that R e equals to 6.3865a 0 . The substantial discrepancy in the reported characteristics and lack of the experimental data on the electronic structure of this molecule has initiated our study.
An accurate treatment of the LiCa molecule with presumably weak bonding requires a massive inclusion of correlation effects. To satisfy this requirement we apply two coupled-cluster approaches, UCCSD(T) and UCCSDT, that allow us to introduce higherorder correlation effects. To probe the influence of basis sets on the LiCa characteristics we used two different basis sets for each atom.
These are allelectron basis sets with quadruple-zeta quality. Basis sets (def2-QZVPP) We find that the molecular characteristics depend not only basis set but also on the number of correlated electrons n e . For example, for a 3-electron correlation one 2s 1 valence electron of Li and two 4s 2 valence electrons of Ca are correlated, whereas for 13-electron correlation all electrons of Li and ten 3s 2 3p 6 4s 2 electrons of Ca are included in the active space. We conclude that using the UCCSD(T) method and the more advanced basis set (aug-cc-pCVQZ) leads to an increase of D e /(hc) and d e by ≈ 5%. For the UCCSDT method we expect similar trends. We believe that the UCCSDT calculation with the basis set (aug-cc-pCVQZ) provides the most accurate electronic potential and dipole moment. These are shown in Fig. 3 . Moreover, this calculation is in a good agreement with the experimental molecular constants reported by Ref. [11] .
The upper panel of Fig. 3 shows the potential energy curve of the X 2 Σ + state of LiCa as a function of interatomic separation. The permanent dipole moment of this state as a function of R is presented in the lower panel. A complete list of the N = 0 vibrational energies of the ground state is presented in Table III . 
D. LiSr molecule
To our knowledge there exist no data on the LiSr ground-state potential based on experimental observation. We are only able to compare our results to the theoretical results of Ref. [6] . The calculation of Ref. [6] uses an effective core and core polarization potentials that are incorporated in a configuration-interaction approach. Their molecular constants are R e = 6.57a 0 , D e /(hc) = 2587 cm −1 , ω e /(hc) = 184.9 cm −1 , B e /(hc) = 0.21 cm −1 , and d e = 0.13 a.u. In the present study we use different computational methods to predict these characteristics.
We perform calculations for LiSr that are similar to those for LiCa. We use UCCSD(T) and UCCSDT methods with three different basis sets. The inner electrons of the closed 1s 2 2s 2 ...3d 10 shells of Sr are chemically inactive and excluded from the correlation calculation. The 1s 2 2s 1 electrons of Li and the ten 5s 2 4s 2 4p 6 electrons of Sr, are included in the all-order correlation calculation.
In the first calculation we use the basis set def2-QZVPP with Li:(15s6p2d1f)/[6s4p2d1f] and Sr:(8s8p5d3f)/[7s5p4d3f] functions [41] and the Stuttgart ECP28MDF relativistic effective core potential (ECP) [40] . In a second calculation we use the basis set " [42] and Sr: (14s11p5d4f1g)/[ 8s8p5d4f1g] functions. The effective core potential is from Ref. [42] .
Finally, we performed a calculation with a more-advanced all-electron basis set (aug-cc-pCV5Z) described by Li:
(18s12p7d5f3g1h)/[10s9p7d5f3g1h] and Sr: (23s19p12d4f2g)/[11s10p7d4f2g] functions from [35] . The UCCSDT calculation is time consuming and has been performed for basis set " [42] " only.
Results of the most advanced calculation by the UCCSDT method with the basis set " [42] " and the UCCSD(T) method with basis set (aug-cc-pCV5Z) are shown in Fig. 4 . We see that the potential energy of the two calculations nearly coincide, whereas the dipole moment curves in the bottom panel are slightly shifted relative to each other. We believe that this difference is within the accuracy of our calculation. The largest discrepancy of about 7% with the results of Ref. [6] occurs at large internuclear separation, whereas at R e the dipole moment d e differs by 2% to 3% only.
The DVR calculation of the bound state energy gives D 0 /(hc) = 2275.59 cm −1 and ω/(hc) =182.2 cm −1 . Table IV lists all N = 0 bound-state energies for 7 Li 88 Sr. Recently, two extensive quantum-chemical calculations of the ground and excited states of the LiYb molecule have been reported by Zhang et al. [8] and by Gopakumar et al. [9] . The first calculation used both MRCI and UCCSD(T) methods. Scalar relativistic effects were included by the Douglas-Kroll Hamiltonian and an effective core potential. Their molecular constants for the X 2 Σ + ground state of 7 Li 172 Yb are the following: R e = 6.681a 0 , D e /(hc) = 1577 cm −1 , ω e /(hc) = 147.36 cm −1 . Different treatments of the Yb core electrons lead to different values of the dipole moment. A RECP-pseudo-potential calculation gave d e = 0.022 a.u., while an all-electron DKH3 calculation gave a smaller d e of 0.011 a.u. Results of a calculation by [9] were based on both the CASPT2 perturbation theory and the CCSD(T) method. Relativistic effects were taken into account through the DouglasKroll-Hess Hamiltonian. Their best values of molecular constants are: R e = 6.669a 0 , D e /(hc) = 1421.96 cm −1 , ω e /(hc) = 135.54 cm −1 .
Our goal here is to perform an independent calculation of the ground state potential and permanent dipole moment of LiYb using the UCCSD(T) method with another effective ECP28MWB pseudo-potential and with basis sets for Li: (15s6p2d1f)/[6s4p2d1f] and Yb: (14s13p10d8f6g)/[10s8p5d4f3g] functions from [44] .
Results of our calculation are shown in Fig. 5 . The upper panel of Fig. 5 shows the ground state potential of LiYb, which is significantly deeper than the potentials obtained in Refs. [8, 9] . The permanent dipole moment is presented in the bottom panel. It is small and agrees well with the DKH3 value of Ref. [8] . Table V shows all N = 0 bound-state energies for 7 Li 172 Yb.
II. SUMMARY
The objective of our research has been a systematic investigation of the X 2 Σ + ground state properties of Ligroup II molecules. To achieve this goal we applied powerful quantum chemistry UCCSD(T) and UCCSDT methods with large basis sets to calculate potential energies and permanent dipole moments. Figure 6 reveals a most striking irregularity in the dissociation energy and R e among the Li-group II molecules. The deepest and most shallow potentials belong to the LiCa and LiMg molecules, respectively. Figure 7 shows dipole moment functions for all molecules considered in our study. There is some consistency in the maximum value of d with the reduced mass of the molecule: heavier molecules have smaller dipole moment. The dipole moment averaged over the ground state vibrational wave function is always a few tenths of atomic units smaller than d e . The LiSr and LiYb molecule have the smallest dipole moments among all molecules in this study. Table VI presents molecular constants calculated by the RCCSD(T), UCCSD(T) and UCCSDT methods using several large basis sets available in the literature. Comparison of our most accurate (either UCCSD(T) or UCCSDT) calculations with existing experimental measurements of the molecular constants shows that we are able to reproduce the bond length (R e ) , harmonic frequency (ω e ), and dissociation energy (D e ) within 5%, 8%, and 6%, respectively.
The dipole moment as a function R is calculated in terms of a charge transfer and induced charge transfer. These two contributions have opposite signs over a large range of internuclear separations. We conclude from our calculations that charge transfer from the Li-atom to the alkaline-earth atom prevails at all separations. This trend is reversed for LiYb at R > 7a 0 .
We also highlight the importance of the correlation effects in calculations of the alkali-alkaline-earth molecules. We have gathered numerical evidence to show that molecular constants of these molecules, such as dissociation energy and permanent dipole moment of the ground state, are extremely sensitive to high order correlations. We believe that the best values of these characteristics are obtained by using the UCCSDT method, where correlation effects are taken into account at all orders.
Finally, we want to emphasize that LiBe and LiMg are not likely candidates for ultracold studies because of the difficulty of cooling Be or Mg. However, LiCa looks quite promising, since a Ca BEC [45] has been made, and its dipole moment is comparable to the known RbCs case [46] . The 2 Σ + ground state gives an extra spin degree of freedom relative to the 1 Σ + RbCs species, thus more quantum control possibilities. While ultracold Li + Sr and Li + Yb mixtures are possible for making the molecules, the dipole moments of the ground state molecules are rather modest. It remains to be determined how best to make the molecules from the trapped atoms. One possibility is to make "preformed pairs" in a dual species optical lattice [47, 48] , and then use intercombination line photoassociation followed by STIRAP [49] . Although all of these molecular species are expected to be highly chemical reactive in their ground states since the formation of the dimers is exotermic LiCa might have a large enough dipole moment to allow it to be protected against destructive collisions by aligning it with an electric field in a 1D optical lattice [1, 50, 51] .
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